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Schematic diagram of the crystal structure of Cu,GeSe; and the enhanced power factor of a series of samples

Public summary

m Cu,Ge; Sn,Se; (x = 0-0.4) series samples were prepared by a high-temperature solid-state reaction followed by hot
pressing.

m The incorporation of Sn effectively increases the formation energy of both Cug, and V¢, defects, thereby significantly
enhancing the carrier mobility. Concurrently, the increased difference in electronegativity induced by Sn alloying leads
to a larger effective mass (m*), which is responsible for the notable increase in the Seebeck coefficient. Consequently,
these effects lead to a substantially enhanced power factor (PF), reaching 10.22 pW-cm 'K at 723 K. This value rep-
resents an ~80% increase over that of pristine Cu,GeSe;.

m This work demonstrates that alloying is a highly effective strategy for enhancing the thermoelectric performance of cop-
per-based materials.
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Abstract: Cu-based materials, renowned for their environmentally friendly characteristics, have become highly promising
candidates for thermoelectric applications because of their excellent thermoelectric properties. However, their intrinsically
low carrier mobility restricts further enhancement of thermoelectric performance. In this work, Sn alloying not only en-
hanced the carrier mobility of Cu,GeSe; but also increased its effective mass, leading to markedly improved thermoelec-
tric properties. The incorporation of Sn effectively increases the formation energy of Cug, defects and V, vacancies,
thereby substantially increasing carrier mobility. Moreover, the greater difference in electronegativity of the Sn-alloyed
material results in an increased effective mass (m*), which contributes to a remarkable improvement in the Seebeck coeffi-
cient. Consequently, these two effects result in a notable increase in PF, reaching 10.22 pW-cm™-K™? at 723 K, represent-
ing an increase of approximately 80% compared with that of pristine Cu,GeSe;. Additionally, Sn alloying introduces point
defect scattering that further decreases the lattice thermal conductivity (x,). Combined with the enhanced power factor
(PF), this reduction yields a maximum ZT of ~0.66 at 723 K. Our findings highlight Sn alloying as an effective approach
for enhancing thermoelectric performance, providing a rational pathway for developing high-performance copper-based
thermoelectric materials.

Keywords: Thermoelectric material; Sn alloying; Carrier mobility; Cu,GeSe;
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1 Introduction Copper-based compounds such as Cu,Se, CuGaTe,,
CuAgSe, and BiCuSeO have attracted significant interest be-
cause of their excellent thermoelectric performance!* .
Among them, Cu,SnSe; is a P-type semiconductor in which
Cu—Se bonds dominate hole transport, while Sn atoms donate
electrons and scatter phonons!”"™. This unique property,
which conforms to the ‘“phonon-glass-electron-crystal”
(PGEC) concept!"”), makes this compound a promising candid-
ate for thermoelectric application. Cu,GeSe;, analogous to
Cu,SnSe;s, has also been hypothesized to exhibit PGEC char-
acteristics!**"*. However, its relatively low mobility restricts
further improvement of its thermoelectric properties. Since
defects typically have a significant effect on carrier mobility
and given that considerable research has been devoted to de-
fects in Cu-based compounds™ ", understanding the charge

Thermoelectric materials, which are capable of directly con-
verting thermal energy into electrical energy, offer distinct
advantages, such as being noiseless, pollution-free, safe and
reliable. These characteristics make them highly promising
for sustainable development initiatives! . The conversion ef-
ficiency is related to the dimensionless figure of merit,
ZT =S6T/(k. + K1), Where S is the Seebeck coefficient, o is
the electrical conductivity, T is the absolute temperature,
is the electronic thermal conductivity, and x, is the lattice
thermal conductivity®™. High o, large S, and low x,, are cru-
cial characteristics of an ideal thermoelectric material.
However, the strong interdependence of these parameters
severely limits the enhancement of thermoelectric perform-
ance. Overcoming this challenge requires a fundamental un-

derstanding of the material’s physical properties. This deeper
insight has facilitated advanced optimization strategies, which
focus primarily on enhancing electrical properties through
valence band convergence, band flattening, and resonant dop-
ing' and reducing xi,, by introducing lattice defects, utiliz-
ing lone pair electrons, and exploiting liquid-like cationic mo-
tion!"" ",

transport mechanisms in diamond-like Cu,GeSe; is crucial.
This study therefore focuses on enhancing the thermoelectric
performance of Cu,GeSe; through the manipulation of its in-
trinsic lattice defects.

In this work, we prepared a Cu,Ge,_Sn,Se; solid solution
and achieved a peak PF of ~10.22 pW-cm'-K™? at 723 K,
which is higher than the values reported in previous
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studies™**. Improvements in the mobility and Seebeck coeffi-
cient significantly increase the PF of the sample. Addition-
ally, the solid solution effectively reduces x;,, because of the
enhanced phonon scattering by point defects. The concurrent
optimization of electrical and thermal properties resulted in a
marked increase in the ZT. Compared with that of the pristine
material, the ZT value of the Cu,Ge,,Sny;Se; sample in-
creased significantly from 0.28 to 0.66 at 723 K, highlighting
its exceptional performance.

2 Materials and methods

2.1 Synthesis

The samples were prepared using the following reagents: Cu
powder (99.9%, Aladdin), Ge powder (99.99%, Aladdin), Sn
powder (99.99%, Aladdin), and Se powder (99.99%,
Aladdin). The elements were loaded into a silica tube accord-
ing to the stoichiometric ratio. The evacuated silica tubes
were heated to 1203 K and held at this temperature for 48 h.
Then, the ingots were ground into a fine powder, and the ob-
tained powders were sintered in a graphite die by hot press-
ing at 903 K under 70 MPa for 30 min.

2.2 Phase and microstructural characterization

Powder X-ray diffraction (PXRD) patterns were obtained on
a Rigaku TTR-III powder X-ray diffractometer (Cu Ka radi-
ation A = 1.5406 A) in the 20 range from 10° to 70° with a
step of 0.02°. Semiquantitative elemental analysis was per-
formed on a scanning electron microscope (SEM) (HITACHI
SU-8220) equipped with an energy dispersive spectroscope
(EDS). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images were obtained
on a JEM-ARM200F. The room-temperature solid-state ultra-
violet—visible spectroscopy (UV—vis) spectra were measured
using a Shimadzu SOLID 3700 DUV spectrometer. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed using a Thermo Scientific ESCALAB 250Xi spectro-
meter.

2.3 Thermoelectric property measurements

A Cryoall CTA-3 instrument system in a He atmosphere was
used to measure the Seebeck coefficient and electrical con-

ductivity from room temperature to 723 K. The total thermal
conductivity (k) was obtained from the equation x, =
DxC,%p, where the thermal diffusivity (D) was measured us-
ing the laser flash diffusivity method on a NETZSCH
LFA-467 in a N, atmosphere, the heat capacity (C,) was es-
timated by Dulong-Petit law, and the density (p) was determ-
ined from the dimensions and mass of the samples after hot
pressing. Hall measurements from room temperature to 673 K
were performed on a Lake Shore 8400 series. The longitudin-
al (v) and transverse (v,) sound velocities were measured by
an ultrasonic measuring system at room temperature.

2.4 Defect formation energy calculation

The formation energy of a charged point defect can be ex-
pressed by the following formula:

ES,, =E; (defect)-E! (perfect)— Z np,+q(Er+E,+AV)

where Eq tot (defect) and Eq tot (perfect) are the total energy
of the perfect crystal and the compound with defects, respect-
ively; n, is the number of defects; u, is the chemical potential
of element a; ¢; is the charge of defects; £ is the Fermi level
relative to the valence band maximum £, (VBM) of the per-
fect crystal; and AV is an electrostatic potential correction due
to the finite-size effect between the defective and perfect sys-
tem!”. Energy calculations were performed by the Vienna ab
initio simulation package (VASP) based on density function-
al theory (DFT)"". The generalized gradient approximation of
Perdew—Burke—Ernzerhof (GGA-PBE) was applied as the ex-
change-correlation functional, and the cutoff energy of the
plane wave was set as 500 eV,

3 Results and discussion

The PXRD patterns of the Cu,Ge,_Sn,Se; series (x = 0-0.4)
are shown in Fig. la. The diffraction peaks of all the ob-
tained samples were well indexed to the orthorhombic struc-
ture of Cu,GeSe; (PDF # 04-016-2386, Imm2 space group).
The Sn content was limited to x = 0.4 to prevent the forma-
tion of secondary phases. For comparison, the PXRD pattern
of pristine Cu,SnSe; (PDF # 04-012-4693, Cc space group)
was also measured and is shown in Fig. S1 (see Supporting
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Fig. 1. XRD patterns of the Cu,Ge,_Sn,Se; (0 < x < 0.4) samples (a) and the amplification diffraction peak at 26 angles of 44-47° (b).

-2

CSTR: 32290.14.JUSTC-2025-0118
DOI: 10.52396/JUSTC-2025-0118
JUSTC, 2026, 56(6):


https://cstr.cn/32290.14.JUSTC-2025-0118
https://cstr.cn/32290.14.JUSTC-2025-0118
https://cstr.cn/32290.14.JUSTC-2025-0118
https://cstr.cn/32290.14.JUSTC-2025-0118
https://cstr.cn/32290.14.JUSTC-2025-0118
https://doi.org/10.52396/JUSTC-2025-0118
https://doi.org/10.52396/JUSTC-2025-0118
https://doi.org/10.52396/JUSTC-2025-0118
https://doi.org/10.52396/JUSTC-2025-0118
https://doi.org/10.52396/JUSTC-2025-0118

Zzsrg "

Xia et al.

information). An expanded view of the patterns in the 26
range of 44—47° is shown in Fig. 1b, revealing a systematic
peak shift toward lower angles with increasing Sn content.
The observed shift is attributed to lattice expansion resulting
from the isovalent substitution of the smaller Ge*" ion (0.39
A) with the larger Sn* ion (0.55 A), leading to an increase in
the unit cell parameters. To characterize the chemical envir-
onment, we performed XPS analysis (Fig. S2), and the Cu 2p
spectrum exhibited spin—orbit split peaks at 952.3 eV (2p,),)
and 932.5 eV (2ps),), corroborating the oxidation state of Cu'.
The Ge 2p peak observed at 1221.0 eV is characteristic of
Ge*. Similarly, the peak located at 486.4 eV is characteristic
of Sn*. The Se 3d spectrum reveals two components at
54.4 eV (3ds,) and 55.2 eV (3d;,,), confirming the Se* state.
XPS analysis confirms the chemical valences of Cu, Ge, Sn,
and Se of +1, +4, +4, and —2, respectively, which is consist-
ent with previous studies™”. UV-Vis spectroscopy was used
to determine the optical band gap of the material. The absorp-
tion data indicated a band gap of approximately 0.7 eV (Fig.
S3), which is consistent with the literature value®". The band
gaps of the two compounds remain almost unchanged.

The Cu,GeSe; compound has a diamond-like structure, as
illustrated in Fig. 2a. The corner-sharing CuSe, and GeSe,
tetrahedral units, which constitute a monolayer structure cor-
responding to the yellow-highlighted region in Fig. 2a, are

@) % % ﬁ

T
e
. ——

" e

shown in Fig. 2b. A HAADF-STEM image of the Cu,GeSe;
sample along the [1 0 0] zone axis is shown in Fig. 2¢, which
is consistent with the lattice structure. The lattice size ob-
tained from the HAADF image is shown in Fig. 2c. The crys-
tal plane distance obtained from the HAADF images (0.57 nm)
is in good agreement with the c-axis size (0.55 nm) in the
crystal structure. These results confirm the successful syn-
thesis of pure materials. Corresponding high-resolution EDS
elemental maps for copper (Cu), germanium (Ge), and seleni-
um (Se) are shown in Fig. 2d, revealing a uniform spatial dis-
tribution that matches the crystal structure. To examine the
microstructure and morphology, scanning electron micro-
scopy (SEM) was performed on hot-pressed samples, and the
results are displayed in Fig. S4. Furthermore, EDS analysis
was employed to determine the elemental distribution and
composition. As summarized in Table S1 (see Supporting in-
formation), the elements were homogeneously distributed,
and no secondary phases were detected in the bulk samples.
These results collectively confirm the successful synthesis of
both pristine and Sn-alloyed Cu,GeSe; compounds.

The temperature-dependent electrical and thermal trans-
port properties of the Cu,Ge,_Sn,Se; (x = 0-0.4) samples are
shown in Fig. 3. All the samples exhibit degenerate semicon-
ductor behavior, as evidenced by decreasing electrical con-
ductivity with increasing temperature (Fig. 3a). Sn alloying

& 500 pm

Se

500 pm

Fig. 2. (a) Crystal structure of Cu,GeSe;; (b) top view of the structure depicted in the orange region. (¢) HAADF image along the [1 0 0] zone axes and

(d) the corresponding EDS elemental intensity maps.
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Fig. 3. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) total thermal conductivity, (e) lattice thermal con-

ductivity and (f) ZT of Cu,Ge,_,Sn,Se; (0 < x < 0.4) samples

progressively reduces the electrical conductivity from
867.87 S-cm™ (pristine Cu,GeSe;) to 582.34 S-cm™
(Cu,Ge, ¢Sny 4Se;), primarily because of the decreased carrier
concentration. The reduction in the carrier concentration
yields conductivities for all the solid solutions that fall within
the bounds defined by the pristine compounds Cu,GeSe; and
Cu,SnSe;. The positive Seebeck coefficient of all the samples
in Fig. 3b indicates p-type conduction. Moreover, the See-
beck coefficient is positively correlated with temperature,
which is consistent with the observed changes in electrical
conductivity. Remarkably, Sn alloying enhances the Seebeck
coefficient by 177% (from 28.17 pV-K™ in pristine Cu,GeSe;
to 78.14 pV-K" in Cu,Ge,,Sny3Se;). The substantial in-
crease in the Seebeck coefficient leads to a significant im-
provement in the PF of the solid solution samples, as evid-
enced in Fig.3c. Among all the alloyed samples, the
Cu,Ge,,Sny;Se; sample achieves a peak PF of ~10.22
pW-cm™-K™? at 723 K, which is 80% higher than that of the

pristine Cu,GeSe; and surpasses the previously reported
Cu,GeSe; 965004 (~8.24 uW-cm™-K?) and
Cu, 4Ag, 1Geg997Gag gp3Se; samples (~7.30 pW-cm™-K2)02,
The  better electrical  transport  performance  of
Cu,Ge,;Sny;Se; is a key characteristic of an excellent ther-
moelectric material. In addition to electrical properties, the
thermal properties of a material critically influence its ther-
moelectric performance. Similarly, the variations in x,, and
K With temperature for Cu,Ge,,Sn.Se; (x = 0-0.4) com-
pounds are plotted in Fig. 3d and e. The room temperature &
of the pristine sample decreases from 3.32 W-m"- K™ to 2.31
W-m™'-K™" after Sn alloying into the Cu,GeSe; compound.
The reduction in x is attributed to two primary factors: a de-
crease in electrical conductivity, which directly influences the
electronic component of thermal conductivity, and a pro-
nounced increase in point defect scattering, which signific-
antly decreases k. The kg, can be calculated from the
Wiedemann—Franz relation from k., = LoT, where L is the
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32].

Lorenz number and is extracted as follows"”:

ISI)

116

Then, x,, of the sample is obtained by directly subtracting
Koo from K. A 20% reduction in x, from 2.71 W-m™"-K™' to
2.14 W-m"-K"' caused by Sn alloying at room temperature is
shown in Fig. 3e. Consequently, the concurrent optimization
of electrical and thermal properties enables significantly en-
hanced ZT values across all temperatures in Sn-alloyed
samples (Fig. 3f). The maximum Z7 improvement occurs in
Cu,Gey ;Sn, 3Se;, where the peak value increases from ~0.28
to ~0.66 at 723 K, which is a 2.4-fold increase relative to that
of pristine Cu,GeSe;.

To elucidate the origin of the increase in the Seebeck coef-
ficient, the Seebeck coefficient as a function of the carrier
concentration (Pisarenko curve) at 300 K is shown in Fig. 4a.
The single parabolic band (SPB) model was employed to plot
the figure, with further details provided in the Supporting In-
formation™. As shown in Fig. 4a, Sn alloying leads to a con-
spicuous increase in m* from 1.91 m, to 2.27 m.. The in-
crease in m* enhances the Seebeck coefficient, and the in-
crease in m* is thought to arise from the greater difference in
electronegativity of SnPl. Complementary Hall measure-
ments (300-673 K) provide further insight into electrical
transport properties. Hall effect measurements reveal a posit-
ive Hall coefficient (Ry), which is indicative of p-type con-
duction of Cu,Ge;_Sn,Se; (Fig. S5). These findings are mutu-
ally consistent with the results of the Seebeck coefficient
measurements. As shown in Fig. 4b, ny decreases monotonic-

(@)

L= x107*

1.5+exp(

()

ally with increasing Sn content (x = 0—0.4) at room temperat-
ure, explaining the corresponding reduction in electrical con-
ductivity. The carrier concentrations of the pristine Cu,GeSe;
and Cu,SnSe; samples are consistent with those in previous
reports, validating our experimental results’’*". In contrast to
the carrier concentration behavior, the Hall mobility has a
nonmonotonic relationship with the Sn content. The optimal
mobility is observed for Cu,Ge;Sn, ;Ses, surpassing the val-
ues for both the high-alloy Cu,Ge,sSng4Se; and pristine
Cu,SnSe; samples. This increase in the mobility of
Cu,Ge, ;Sn, ;Se; persists despite the higher carrier concentra-
tion, indicating a reduction in carrier scattering. Temperature-
dependent Hall measurements (Fig.4c) reveal minimal
thermal variation in the carrier concentration, which is char-
acteristic of degenerate semiconductor behavior. The mobil-
ity of all the alloyed samples decreases with increasing tem-
perature, which can be attributed to acoustic phonon scatter-
ing, as shown in Fig. 4d™. This phenomenon explains the re-
duction in electrical conductivity with increasing temperature
shown in Fig. 2a. At elevated temperatures, the mobility of
the alloyed samples converges to similar values, which is
ascribed to the dominance of acoustic phonon scattering. Sn
alloying significantly enhances the mobility of the material
relative to that of the pristine material across the entire tem-
perature range. This improvement also suggests that the scat-
tering mechanisms have been modified. The combination of
optimized mobility and enhanced m* significantly improves
the PF of the sample.

To elucidate the distinct effects between the Sn solid solu-
tion and other dopants, additional doping experiments were
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Fig. 4. (a) Pisarenko plot of the Seebeck coefficients as a function of the Hall carrier concentration (n) at 300 K. (b) Room temperature Hall concentra-
tion (ny;) and Hall mobility (u4) of Cu,Ge;.,Sn,Se; (0 < x < 0.4). Temperature-dependent Hall concentration (c) and temperature-dependent Hall mobil-

ity (d) of Cu,Ge;_Sn,Se; (0 < x < 0.4) samples.
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performed. Cu,,Ga,GeSe;, Cu,,Zn,GeSe; Cu, Nb,GeSe;
and Cu,GeSe; I, samples were prepared, and their electrical
properties were measured. The room-temperature carrier con-
centrations and Hall mobilities for Sn-alloyed and some other
doped Cu,GeSe; samples are shown in Fig. 5a (detailed data
in Table S3). The Sn-alloyed samples exhibit significantly en-
hanced mobility relative to that of the other dopants at equi-
valent carrier concentrations, achieving an ~70% improve-
ment. Owing to this optimized mobility, compared with the
other doped counterparts, the Sn-alloyed compounds also
achieve a markedly higher peak PF, as clearly demonstrated
in Fig. 5b. This improvement in mobility stems fundament-
ally from modified intrinsic point defects, which critically
govern charge transport properties. This computational ap-
proach enables direct quantification of how Sn incorporation
alters defect formation energies, thereby providing funda-
mental insights into the observed mobility enhancement. To
elucidate the underlying mechanism, we conducted first-prin-
ciples calculations of the formation energies for the lattice de-
fects in both pristine Cu,GeSe; and Cu,Ge,;Sn, ;Se;. The cal-
culated Eg,,, for different intrinsic lattice defects in Cu,GeSe;
are shown in Fig. 5c. The formation energies in Fig. Sc—¢
were calculated under the chemical potential conditions of
points A, B, and C from Fig. S6, respectively. Compared with
the other defects, the V., and Cug. defects are relatively
lower, indicating that the V, and Cug, defects are the domin-
ant lattice defects in the compound, which is consistent with
previous reports®*!. The negative values of the defects sug-
gest that V, and Cug, can spontaneously form during the

(@)

fabrication process. As shown in Fig. Sc—e, the Eg,, of V¢,
and Cug, significantly increase after Sn alloying. The in-
creased formation energy suppresses the formation of V¢, and
Cug, defects. A more purified lattice structure greatly im-
proves the mobility of the material. Moreover, the decrease in
the defect concentration leads to a reduction in the hole con-
centration, which is consistent with the Hall measurement.
Thus, Sn incorporation simultaneously optimizes mobility
through defect suppression while modulating the carrier con-
centration, a dual mechanism accounting for the enhanced
thermoelectric performance.

To elucidate the thermal transport properties of the Cu,Ge,.
Sn,Se; (x=0-0.4) compounds, the Debye—Callaway model
was applied”**. (The relevant parameters and more details
are shown in the Supporting Information.) Grain boundary
scattering, point defect scattering, and phonon—phonon Umk-
lapp scattering are considered the dominant scattering mech-
anisms. The spectral lattice thermal conductivity x(®) of the
Cu,Ge,;Sny ;Se; sample is shown in Fig. 6a, b. The region
between the curves represents the suppression of heat trans-
port attributed to the specific phonon scattering mechanism,
providing deeper insights into the reduction in x,. Point de-
fect scattering and Umklapp scattering are the main factors
affecting thermal conductivity. Point defect scattering has a
pronounced influence on phonons with shorter wavelengths,
whereas Umklapp scattering is more effective for those with
longer wavelengths. Hence, in Cu,Ge,-Sny;Se;, Sn alloying
introduces enhanced point defect scattering, which signific-
antly decreases xi,.. A reduction in &, is critical for enhan-
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Fig. 5. (a) Comparison of the mobility between Sn-alloyed Cu,GeSe; samples and samples doped with other elements. (b) Peak PF of Cu,Ge,;Sn,;Se;
compared to that of the doped sample. The calculated defect formation energy in Cu,GeSe; as a function of the Fermi level of (¢) Cu,GeSe; and
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cing the TE performance of materials.

4 Conclusions

In this work, the electrical and thermal transport properties
were simultaneously optimized through Sn alloying. The in-
crease in the carrier mobility and decrease in x,, are respons-
ible for the improvement in the electrical and thermal trans-
port properties, respectively. Moreover, the Seebeck coeffi-
cient is dramatically increased because of the larger m*
caused by the greater difference in the electronegativity of Sn.
A peak PF value of ~10.22 pW-cm™K™? and a x, of
1.06-W-m™"-K™" at 723 K are achieved for the Cu,Ge,,Sn,;Se;
sample. Consequently, a peak ZT of 0.66 is achieved at 723
K, which is 130% higher than that of pristine Cu,GeSe;. This
work demonstrates that alloying is an effective strategy for
enhancing thermoelectric performance.
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